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Blast  induced  neurotrauma  (BINT)  is  a  major  medical  concern  yet  its  etiology  is  largely  undefined.  Comple 
ment  activation  may  play  a  role  in  the  development  of  secondary  injury  following  traumatic  brain  injury; 
however,  its  role  in  BINT  is  still  undefined.  The  present  study  was  designed  to  characterize  the  complement 
system  and  adaptive  immune  inflammatory  responses  in  a  rat  model  of  moderate  BINT. 

Anesthetized  rats  were  exposed  to  a  moderate  blast  (120  l<Pa)  using  an  air  driven  shock  tube.  Brain  tissue  in 
jury,  systemic  and  local  complement,  cerebral  edema,  inflammatory  cell  infiltration,  and  pro  inflammatory 
cytokine  production  were  measured  at  0.5,  3,  48,  72,  120,  and  168  h.  Injury  to  brain  tissue  was  evaluated 
by  histological  evaluation.  Systemic  complement  was  measured  via  ELSIA.  The  remaining  measurements 
were  determined  by  immunohistoflourescent  staining. 

Moderate  blast  triggers  moderate  brain  injuries,  elevated  levels  of  local  brain  C3/C5b  9  and  systemic  C5b  9, 
increased  leukocyte  infiltration,  unregulated  tumor  necrosis  factor  alpha  (TNFa),  and  aquaporin  4  in  rat 
brain  cortex  at  3  and  48  hour  post  blast.  Early  immune  inflammatory  response  to  BINT  involves  comple 
ment  and  TNFa,  which  correlates  with  hippocampus  and  cerebral  cortex  damage.  Complement  and  TNFa  ac 
tivation  may  be  a  novel  therapeutic  target  for  reducing  the  damaging  effects  of  BINT  inflammation. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Blast  induced  neurotrauma  (BINT)  is  the  signature  life  threatening 
wound  of  current  military  casualties  in  Operation  Iraqi  Freedom  and 
Operation  Enduring  Freedom  and  casualties  in  the  overseas  contingency 
operations.  According  to  the  Department  of  Defense  “Personnel  &  Pro 
curement  Statistics,”  more  than73%  of  all  US  military  casualties  in  Oper 
ation  Enduring  Freedom  and  Operation  Iraqi  Freedom  are  caused  by 
explosive  weaponry  [  1  ].  Our  military  casualties  exposed  to  blast  injuries 
are  frequently  subjected  to  delayed  medical  evacuation  to  higher  eche 
Ions  of  care,  which  ranges  from  1  h  to  several  days  [2].  During  this  time 
frame,  secondary  neurodegenerative  molecular  responses  promote  fur 
ther  neuronal  injury.  Therefore,  the  identification  of  culprit  molecules 
and  pathways  associated  with  neuronal  injuiy  after  blast  provides 
insight  for  the  development  of  new  pharmacotherapeutic  strategies 
aimed  at  decreasing  the  hyperinflammatory  response  to  blast  and  the 
progression  of  secondary  injuries  associated  with  this  condition. 

BINT  is  characterized  by  primary  brain  injury  (unavoidable  median 
ical  brain  damage),  which  results  in  the  disruption  of  brain  parenchyma 
and  cerebral  blood  vessels  immediately.  The  subsequent  development 
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of  secondaiy  brain  injuiy  is  defined  by  the  various  pathogenic  events 
at  cellular,  biochemical,  and  molecular  levels,  including  inflammation, 
ischemia,  cell/axon  damage,  physiological  disturbances  (hypotension, 
metabolic  alteration,  electrolytic  abnormality,  homeostatic  change), 
and  hemorrhage,  which  progressively  contribute  to  the  worsened  neu 
rological  impairment  [3  5],  These  secondaiy  mechanisms  involve  the 
initiation  of  an  acute  inflammatory  response,  including  breakdown  of 
the  blood  brain  barrier  (BBB),  edema  formation  and  swelling,  infiltra 
tion  of  peripheral  blood  cells,  and  activation  of  resident  immunocompe 
tent  cells  as  well  as  the  intrathecal  release  of  numerous  immune 
mediators  such  as  interleukins  and  chemotactic  factors. 

Previous  studies  have  demonstrated  that  a  moderate  level  of  blast 
overpressure  (BOP)  (126  kPa)  resulted  in  brain  inflammation  with 
widespread  fiber  degeneration  and  dysfunction  of  neurologic  and  neu 
robehavioral  performance  [6].  Reactive  gliosis,  neuronal  swelling,  and 
cytoplasmic  vacuolization  also  have  been  observed  in  the  hippocampus 
of  rats  subjected  to  thoracic  blast  injuiy  [7,8],  Furthermore,  rats  exposed 
to  moderate  levels  of  BOP  (120  kPa)  have  been  shown  to  display  in 
creased  BBB  permeability,  oxidative  stress,  and  activated  microglia  [9], 

Complement  activation  has  been  suggested  to  play  a  critical  role  in 
the  development  of  secondary  injury  following  traumatic  brain  injury 
(TB1).  In  clinical  studies,  elevated  levels  of  alternative  pathway  com 
plement  components  C3  and  factor  B  as  well  as  activated  soluble 
C5b  9  were  detected  in  the  cerebral  spinal  fluid  (CSF)  of  patients 
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with  severe  head  trauma  injuries  [10.11].  Complement  mediated  sec 
ondary  brain  injury  after  TB1  has  been  observed  in  clinical  [11]  and  ex 
perimental  studies  (12).  Severe  secondary  insults  in  TBl  were  paralleled 
by  more  pronounced  complement  activatioa  particularly  by  the  end 
product  C5b  9  [13].  These  secondary  injuries  include  the  recruitment 
of  inflammatory  cells  into  the  intrathecal  compartment,  the  induction 
of  BBB  dysfunction  by  the  anaphylatoxins  C3a  and  C5a,  the  induction 
of  neuronal  apoptosis  through  the  C5a  receptor  (C5aR)  expressed  on 
neurons,  and  homologous  cell  lysis  mediated  by  complement  activation 
through  the  membrane  attack  complex  (MAC/C5b  9)  [14],  A  recent 
study  from  our  group  has  shown  that  complement  activation  is  associat 
ed  with  hypoxia  induced  disruption  of  neuronal  network,  loss  of  den 
dritic  spine,  and  neuronal  apoptosis  [15].  Complement  activation  may 
represent  a  crucial  mediator  of  neuroinflammation  and  neurodegenera 
don  after  TBl.  The  complement  system  has  also  been  considered  as  a 
functional  bridge  between  the  innate  and  the  adaptive  immune  system 
[16  18].  Adaptive  immune  responses  and  their  deleterious  effects  have 
been  documented  after  TBl  [  19].  The  neuroinflammatory  cascade  is  char 
acterized  by  the  activation  of  glial  cells,  release  of  proinflammatory  cyto 
kines  and  chemokines,  upregulation  of  endothelial  adhesion  molecules, 
and  intracranial  activation  of  the  complement  system,  resulting  in  re 
lease  of  potent  inflammatory  anaphylatoxins  [14]. 

Although  BINT  may  share  similar  components  of  the  inflammatory 
response  to  closed  TBl,  the  characterization  of  the  signature  patho 
physiological  profile  of  BINT  remains  to  be  determined.  The  present 
study  was  designed  to  characterize  the  complement  system  and 
adaptive  immune  inflammatory  responses  in  a  rat  model  of  moderate 
BINT. 

2.  Materials  and  methods 

This  study  has  been  conducted  in  compliance  with  the  Animal 
Welfare  Act  and  the  implementing  Animal  Welfare  Regulations  and 
in  accordance  with  the  principles  of  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals.  The  study  was  approved  by  the  Walter  Reed 
Institute  of  Research  (WRAIR)  Institutional  Animal  Care  and  Use 
Committee. 

2.1.  Experimental  design  and  exposure  to  blast  overpressure 

Exposure  to  blast  was  conducted  as  previously  described  [20]. 
Briefly,  adult  pathogen  free  male  Sprague  Dawley  rats  weighing 
250  to  300  g  were  anesthetized  with  intraperitoneal  (Lp.)  injection 
of  ketamine  or  xyiazine  (60/5  mg/kg)  and  randomly  assigned  to 
each  experimental  group.  Anesthetized  animals  were  placed  in  a 
transverse  prone  position  into  the  end  of  the  expansion  chamber  of 
a  compressed  air  driven  shock  tube  (2.5  ft  compression  chamber 
connected  to  a  15  ft  expansion  chamber)  and  fixed  in  a  holder  to  re 
strict  any  accelerated  body  movement  from  blast  impact  and  prevent 
subsequent  secondary  or  tertiary  blast  injuries.  Animals  were  then 
subjected  to  a  short  duration  blast  wave  with  a  mean  peak  overpres 
sure  of  120  ±  7  kPa  ( Fig.  1 ).  The  animals  were  enrolled  in  one  of  seven 
experimental  groups: 


•  Control 

Animals  underwent  anesthesia,  suspension,  time  delays 
except  for  BOP  exposure  (n  =  6). 

•  BOP  -  0.5  h 

Animals  were  subjected  to  BOP  and  recovered  for  05  h 

(n=6). 

•  BOP  -  3  h 

Animals  were  exposed  to  BOP  and  recovered  for  3  h  ( n  =  5). 

•  BOP  -  48  h 

Rats  underwent  BOP  and  recovered  for  48  h  (n  =  5). 

•  BOP  -  72  h 

Animals  were  exposed  to  BOP  and  recovered  for  72  h 
(n=6). 

•  BOP  -  120  h 

Animals  were  exposed  to  BOP  and  recovered  for  120  h 

(n  =  7). 

•B  -  168  h 

Animals  were  exposed  to  BOP  and  recovered  for  168  h 
(n=7).  Animals  that  did  not  survive  exposure  ( 10%) 
were  excluded  from  further  analysis. 

Fig.  1.  Schematic  diagram  of  the  short  duration  blast  wave.  Representative  picture  of 
the  duration  of  the  pressure  pulse  and  the  pressure  traces  as  measured  inside  the 
shock  tube  and  during  blast  Total  pressure  (red  line),  static  pressure  (blue  line).  Please 
note  that  animals  were  fixed  therefore  acceleration  movement  did  not  contribute  to  re¬ 
sultant  injuries. 


2.2.  Sampling 

At  the  end  of  each  aforementioned  recovery  period,  animals  were 
anesthetized  with  ketamine  or  xyiazine,  and  blood  was  withdrawn  by 
heart  puncture.  Ethylenediaminetetraacetic  (EDTA)  plasma  samples 
were  collected  by  centrifuging  at  4000  rpm  for  5  min  and  stored  at 
— 80  °C  until  use  for  in  an  enzyme  linked  immunosorbent  assay 
(ELISA)  of  C5b  9.  The  brain  tissues  were  removed  and  inspected  for 
gross  pathology.  The  brains  were  transferred  to  be  frozen  on  dry  ice 
and  stored  at  -  80  °C  for  determining  protein  expression  by  Western 
blotting,  4%  of  paraformaldehyde  in  phosphate  buffered  saline  (PBS) 
for  frozen  blocks  or  10%  formalin  solution  for  paraffin  blocks.  For 
preparation  of  frozen  blocks,  the  paraformaldehyde  fixed  brains 
were  ciyoprotected  by  subsequent  immersion  in  20%  sucrose  in  PBS 
at4  °C  overnight.  To  make  frozen  blocks,  the  brains  were  then  rapidly 
frozen  with  optimal  cutting  temperature  (OCT)  compound  4853  (em 
bedding  medium  for  frozen  tissue  specimens,  Miles  Inc.,  Elkhart,  IN) 
using  a  HistoPrep  disposable  base  mold  (15x15x5  mm,  Fisher  Scien 
tific,  Pittsburgh,  PA)  on  diy  ice  for  30  min.  Frozen  blocks  were  kept  at 
—80  °C  until  the  frozen  section  was  cut. 

2.3.  Reagents  and  antibodies 

Rat  C5b  9  ELISA  kits  were  from  Cedarlane  (Burlington,  NC).  Chick 
en  anti  mouse  C3/C3a,  mouse  anti  rat  CD45,  mouse  anti  rat 
aquaporin  4  (AQP  4),  and  anti  actin  (Abeam,  Cambridge,  MA)  anti 
bodies  were  obtained  from  Abeam  Inc  (Cambridge,  MA).  Mouse 
anti  rat  C5b  9  antibody  was  obtained  from  Cell  Sciences  (Canton, 
MA).  Goat  anti  human  TNFa  antibody  was  purchased  from  Santa 
Cruz  Biotechnology  Inc  (Santa  Cruz,  CA).  Goat  anti  chicken  Alexa 
Fluor  594,  goat  anti  mouse  Alexa  Fluor  488,  and  donkey  anti  goat 
Alexa  Fluor  488  lgG  ( H  +  L)  conjugated  secondary  antibodies  and  Pro 
Long  Gold  antifade  reagent  were  from  Invitrogen  (Carlsbad,  CA). 

2.4.  Histological  evaluation 

10%  formalin  fixed  tissues  were  embedded  in  paraffin,  sectioned 
at  a  5  pm  thickness,  and  stained  with  hematoxylin  and  eosin  (H&E). 
Histological  images  were  recorded  under  a  light  microscope  (Olym 
pus  AX80,  Center  Valley,  PA)  at  x  200  and  x  400  magnifications  by  a 
pathologist  blinded  to  the  treatment  groups. 

2.5.  Injury  score  of  cortex  gray  matter 

Histological  slides  from  each  animal's  cerebral  cortex  were  exam 
ined  under  a  microscope  at  x  200  magnification,  and  tissue  damage 
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Control  (n=5)  BOP-3h  (n=5)  BOP-48h  (n=5) 


Fig.  2.  Gross  observation  of  brain  tissue  in  rats  exposed  to  moderate  BOP.  Representa¬ 
tive  rat  brain  tissue  from  rats  without  exposure  to  BOP  (control),  at  3  (BOP  -  3  h)  and 
48  h  (BOP  —  48  h)  after  exposure  to  BOP.  A  swollen  brain  with  marked  flattening  of  the 
gyri  and  narrowing  of  the  sulci  was  observed  following  BOP  either  at  3  or  at  48  h.  Ob¬ 
vious  pale  brain  was  present  in  rats  at  3  h  after  exposure  to  BOP,  indicating  severe  brain 
edema  and  vasospasm.  Widely  spread  subarachnoid  vessel  dilation  (white  arrow)  and 
hemorrhage  (black  arrow)  were  shown  in  the  superior  surface  of  rat  brain  at  48  h  post 
blast. 

was  assessed  by  a  pathologist  using  four  distinct  morphological  pa 
rameters:  cytotoxic  edema,  vasogenic  edema,  inflammatory  cell  infil 
tration,  and  hemorrhage  in  the  brain  cortex  and  subarachnoid  space. 
The  changes  were  scored  according  to  their  extent  (score  0,  1,  2,  3, 
and  4  for  an  extent  of  0%,  <25%,  25  50%,  50  75%,  and  75  100%,  re 
spectively )  and  the  severity  of  the  injury  (score  0  =  normal  histology, 
score  1  =  slight,  2  =  mild,  3  =  moderate,  and  4  =  severe  alter 
ations).  The  injury  score  represents  the  sum  of  the  extent  and  the  se 
verity  of  injury. 

2.6.  Evaluation  of  hippocampus  injury 

A  pathologist  used  two  H&E  stained  histological  slides  from  each 
animal  to  assess  hippocampus  damage  in  a  blind  fashion.  The  neuro 
nal  loss  was  assessed  by  counting  neurons  at  hippocampus  CA1 ,  CA2, 
CA3  and  dentate  gyms  (DC)  subregions  at  x400  magnification.  The 
neurodegeneration  was  determined  by  counting  degenerated  neu 
rons  characterized  by  pyramidal  cell  degeneration  with  the  morpho 
logic  features  consisting  of  shrinkage  of  the  cell  body,  pyknosis  of  the 
nucleus,  disappearance  of  the  nucleolus,  and  loss  of  Nissl  substance, 
with  intense  eosinophilia  of  the  cytoplasm.  The  degree  of  neuronal 


loss  and  neurodegeneration  was  determined  by  the  number  of  neu 
rons  or  morphological  alterations  per  field,  respectively. 


2.7.  Immunohistofluorescent  staining 

Frozen  sections  were  cut  at  a  5  pm  thickness  with  a  cryostat  and 
fixed  in  cold  methanol  for  20  min.  The  fixed  sections  were  permeabilized 
with  02%  Triton  X  100  in  PBS  for  10  min  and  blocked  with  2%  BSA  in  PBS 
for  30  min  at  room  temperature.  The  following  antibodies  were  utilized 
for  our  immunohistochemistry  studies:  anti  C3,  anti  C5b  9  (cerebral 
complement  deposition/formation),  anti  CD45  (leukocyte  infiltration), 
anti  TNFot  (proinflammatory  cytokine  production),  and  anti  AQP  4  (a 
biomarker  for  cerebral  cytotoxic  edema  predominantly  expressed  in 
brain  cells).  Cerebral  tissue  histological  sections  were  incubated  with 
the  primary  antibodies  for  1  h  at  room  temperature,  washed,  and  then 
incubated  with  the  appropriate  secondary  antibodies  labeled  with 
Alexa  Fluor®  488  and  594  ( Invitrogen,  Carlsbad,  CA)  for  1  h  at  room  tern 
perature.  After  washing,  the  sections  were  mounted  with  ProLong®  Gold 
(Invitrogen,  Carlsbad,  CA)  antifade  solution  containing  4',6'  diamidino 
2  phenylindole  (DAPI)  and  visualized  under  a  confocal  laser  scanning 
microscope  (Radiance  2100;  Bio  Rad,  Hercules,  NJ)  at  x200  or  x400 
magnification.  Negative  controls  were  conducted  by  substituting  the  pri 
mary  antibodies  with  corresponding  immunoglobulin  isotypes.  Cap 
tured  digital  images  were  processed  by  Image  J  software  (National 
Institutes  of  Health,  Bethesda,  MD). 


2.8.  Immunofluorescent  quantification 

This  procedure  was  based  on  a  modified  method  as  previous  de 
scribed  [21  ].  Briefly,  four  to  six  images  from  each  animal  were  opened 
using  the  Adobe  Photoshop  software  and  adjusted  until  only  the  fluores 
cent  deposits  and  no  background  tissue  were  visible.  The  image  was 
changed  to  black  and  white  pixels  with  Hack  representing  deposits  of 
the  target  proteins  and  white  representing  nonstained  areas  of  the 
image  using  the  Image  J  software.  Using  the  image  Adjust  Threshold 
command,  the  image  was  then  changed  to  red  and  white  (fluorescent 
deposits  were  in  red).  Image  analysis  resulted  in  the  red  total  area  in 
pixels  squared.  Values  for  total  area  for  all  animals  in  each  group  were 
averaged  to  give  the  average  area  of  fluorescent  deposit. 


Control  (n=5) 


BOP-3h(n=5)  BOP-48h  (n=5) 


9 

8 


-  2 


i 

o 


Control  BOP-3h  BOP-48h 


Fig.  3.  Histopathological  alterations  of  the  cortex  from  rats  subjected  to  moderate  BOP.  Representative  photomicrographs  of  the  cortex  from  the  paraffin  section  stained  with  he¬ 
matoxylin  and  eosin  (top).  The  blue  arrows  indicate  cytotoxic  edema,  the  green  arrows  display  vasogenic  edema,  and  the  black  arrow  shows  subarachnoid  space  hemorrhage.  Cor¬ 
tex  injury  scores  were  calculated  using  the  scale  stated  in  Section  2,  Materials  and  methods,  from  each  animal  (bottom).  Original  magnification  was  x200.  Group  data  was 
expressed  as  mean±  SEM  and  compared  using  one-way  ANOVA  followed  by  Tukey’s  multiple  comparison  with  p  values  of  <0.05  considered  significant 
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Fig.  4.  Profile  of  plasma  C5b-9  in  rats  with  moderate  BOP.  Rats  were  exposed  to  mod¬ 
erate  BOP,  and  plasma  was  collected  at  various  time  points  (0.5  to  168  h)  post  blast. 
Plasma  levels  of  C5b-9  were  assessed  using  an  ELISA  kit  for  rat  terminal  complement 
complex  C5b-9.  Group  data  was  expressed  as  mean  ±SEM  and  compared  using  one¬ 
way  ANOVA  followed  by  Bonferroni’s  multiple  comparison  test  with  p  values  of 
<0.05  considered  significant. 


2.9.  Quantification  of  plasma  C5b  9 

Plasma  concentration  of  the  soluble  form  of  the  complement  sys 
tern  cytolytic  terminal  membrane  attack  complex,  C5b  9,  was  mea 
sured  as  a  marker  for  systemic  complement  activation  in  duplicate 
using  a  rat  C5b  9  ELISA  kit  according  to  the  manufacturer’s  instruc 
dons  (Cedarlane  Laboratories  USA,  Burlington,  NC). 

2.10.  Western  blot  analysis 

Frozen  rat  brain  tissue  was  thawed,  suspended  in  cold  lysis  buffer 
(20  mM  Tris  HQ,  1  mM  EGTA,  1  mM  EDTA,  \%  sodium  deoxycholate 
and  protease  inhibitor  cocktail),  minced,  and  sonicated  on  ice.  The  su 
pernatants  were  subsequendy  denatured  in  laemmli  solution  by  boil 
ing.  The  samples  were  separated  on  a  4  12%  Bis  Tris  gel  (lnvitrogen) 
and  transferred  to  a  nitrocellulose  membrane  for  western  blot  analy 
sis.  The  membranes  were  probed  with  anti  TNFalpha  antibody,  anti 
C3  antibody,  or  anti  actin  antibody.  Protein  bands  were  detected  by 
chemiluminescence  reagents  (Amersham  Biosciences).  The  density 
of  each  band  was  measured  using  Image  J  software  (National  Insti 
tutes  of  Health,  Bethesda,  MD). 
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Fig.  5.  Complement  deposition  and  activation  in  the  cortex  from  blast-exposed  rats.  Representative  immunohistochemical  images  of  O  deposition  (A),  Western  blot  analysis 
(B)  and  immunohistochemical  images  of  C5b-9  formation  (C).  The  total  fluorescence  or  density  quantification  of  C3  deposition  and  C5b-9  formation  is  displayed  at  the  left 
panel  of  the  corresponding  images.  Original  magnification  was  x200.  Scale  bars  in  the  pictures  are  50pm.  Group  data  was  expressed  as  mean±  SEM  and  compared  using  one-way 
ANOVA  followed  by  Bonferroni's  multiple  comparison  test  with  p  values  of  <0j05  considered  significant 
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2.11.  Statistical  analysis 

Data  are  expressed  as  mean±  standard  error  of  the  mean  (SEM). 
One  way  analysis  of  variance  (ANOVA)  following  with  Bonferroni 
or  Tukey's  post  test  was  performed  using  GraphPad  Prism®  (4.0, 
GraphPad  Software,  San  Diego,  CA).  P  value<0.05  was  considered 
significant 


3.  Results 

3.1.  Cross  changes  of  brain  in  rats  undergoing  blast  overpressure 

Moderate  BOP  exposure  resulted  in  brain  swelling  characterized 
by  marked  pale  brain,  flattening  of  gyri,  and  narrowing  of  the  sulci,  in 
dicating  severe  brain  cytotoxic  edema,  which  was  observed  at  3  hour 
post  BOP  (Fig.  2). 


At  48  h  after  BOP  exposure,  gross  examination  of  animal  brains 
displayed  blood  vessel  dilation  and  congestion,  widely  spread  sub 
dural  and/or  subarachnoid  hemorrhage  and  moderate  brain  edema 
in  the  superior  surface  (Fig.  2). 

32.  Histomorphological  alterations  of  brain  cortex  in  rats  subjected  to 
blast  overpressure 

As  shown  in  Fig.  3,  histological  analysis  of  a  rat  cortex  from  a  3 
hour  BOP  exposure  revealed  microscopic  changes  in  the  gray  matter 
of  the  cortex.  These  changes  were  abundant  cell  swelling,  nucleus 
shrinkage,  and  cytoplasmic  vacuolization  or  spongy  change,  which  in 
dicated  cytotoxic  edema  accompanied  by  moderate  vasogenic  edema 
with  perivascular  vacuolization  of  the  brain.  At  48  h  after  BOP,  histoa 
nalysis  of  rat  cerebral  cortex  slides  revealed  a  reduction  of  cytotoxic 
and  enhanced  vasogenic  edema.  Subarachnoid  space  hemorrhage 
was  observed  in  animals  from  both  groups  at  3  and  48  h  post  BOP. 
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Fig.  6.  Evaluation  of  inflammatory  cells  and  TNF-a  in  the  cortex  from  blast-exposed  rats.  Immunohistochemistry  was  performed  in  the  cortex  of  rats  undergoing  blast.  Inflammatory 
cells  (A)  and  TNF-a  level  (B  and  C)  of  the  cortex  were  determined  by  anti-rat  CD45  and  anti-rat  TNF-a  immunostaining  and  Western  blot  analysis,  respectively.  The  total  fluores¬ 
cence  and  density  quantification  of  the  aforementioned  complement  deposition  is  displayed  at  the  left  panel  of  the  graphs.  Original  magnification  was  x400.  Scale  bars  in  the 
pictures  are  1 00  pm.  Croup  data  was  expressed  as  mean  ±  SEM  and  compared  using  one-way  ANOVA  followed  by  Bonferroni's  multiple  comparison  test  with  p  values  of  <005  con¬ 
sidered  significant. 
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No  evident  change  was  observed  in  the  white  matter  of  cortex  (data 
not  shown). 

3.3.  BOP  triggers  early  systemic  complement  activation 

Increases  in  plasma  C5b  9  were  found  in  rats  as  early  as  3  h  after 
BOP  and  remained  elevated  during  the  first  48  h  when  compared  to 
controls.  Plasma  levels  of  C5b  9  returned  to  pre  BOP  exposure  levels 
at  72  h  after  BOP  exposure  and  remained  low  for  the  remainder  of  the 
168  hour  observation  period  post  BOP  (Fig.  4). 

3.4.  BOP  augments  complement  activation  and  deposition  in  a  rat's 
superficial  cortex 

Increased  deposition  of  C3  (Fig.  5A)  and  C5b  9  (Fig.  5C)  was 
detected  at  the  superficial  layers  of  the  rat's  cortex  and  was  mostly  as 
sociated  with  cortical  vasculature  at  3  and  48  h  after  BOP  exposure. 
High  amounts  of  C3  in  the  cortex  were  confirmed  by  Western  blot 
analysis  at  3  and  48  h  after  BOP  exposure  (Fig.  5B). 

35.  BOP  stimulates  infiltration  of  inflammatory  cells  and  production  of 
TNFa  in  a  rat's  brain  cortex 

Leukocyte  infiltration  in  a  rat's  cortex  was  evaluated  by  immuno 
histochemistry  using  anti  CD45  antibody.  Fig.  6A  shows  an  increased 
presence  of  CD45  positive  cells  in  the  outer  layer  of  the  rat's  cortex  at 
3  and  48  h  post  BOP.  Fig.  6B  reveals  an  increase  in  TNFa  expression 
and  distribution  in  the  cortex  tissue  from  injured  animals  at  3  h 
post  BOP.  Western  blot  analysis  of  cortex  confirmed  the  increase  in 
TNFa  expression  (Fig.  6C). 

3.6.  BOP  increases  AQP  4  expression  in  a  rat's  cortex 

Numerous  brain  cells  expressed  AQP  4  intensively  in  the  outer 
layer  of  a  rat's  cortex  at  3  h,  but  not  at  48  h.  post  injury  (Fig.  7.  left 
panel).  The  quantification  data  displayed  a  significant  increase  of 
AQP  4  expression  at  3  h  after  BOP  compared  to  the  control  (Fig.  7, 
right  panel). 


3.7.  BOP  induces  neuronal  loss  and  neurodegeneration  in  rat 
hippocampus 

Histopathologic  morphology  demonstrated  that  at  3  h  and  at  48  h 
post  BOP,  there  were  significant  differences  in  the  CA1,  CA2,  CA3,  and 
DG  subregions  of  the  hippocampus  when  compared  to  the  control. 
The  subregions  are  characterized  by  neuronal  loss  and  pyramidal 
cell  degeneration  with  the  morphologic  features  consisting  of  shrink 
age  of  the  cell  body,  pyknosis  of  nucleus,  disappearance  of  the  nude 
olus,  and  loss  of  NissI  substance,  with  intense  eosinophilia  of  the 
cytoplasm  (Fig.  8A).  The  neuronal  densities  of  the  hippocampus  in 
the  animals  post  BOP  were  significantly  lower  than  that  of  the  control 
(Fig.  8B).  The  neurodegeneration  of  the  hippocampus  in  the  groups 
post  BOP  was  also  markedly  higher  than  that  of  the  control 
(Fig.  8C).  No  significant  difference  in  the  neuronal  loss  and  neurode 
generation  between  the  exposed  groups  existed. 

3.8.  BOP  induces  complement  C3  deposition  and  C5b  9  formation  in  rat 
brain  hippocampus  tissue 

Hippocampus  deposition  of  C3  in  animals  subjected  to  BOP  was 
significantly  increased  when  compared  to  the  control  animals 
(Fig.  9A  and  B).  Although  it  was  not  significant,  there  was  a  trend  to 
ward  increased  C3  deposition  at  48  h  post  BOP  in  the  DG  subregion. 
Increased  amounts  of  C5b  9  were  detected  by  immunohistochemistry 
in  hippocampus  tissues  from  the  animals  exposed  to  BOP  when  com 
pared  to  the  control  (Fig.  9C  and  D).  C3  and  C5b  9  were  shown  to  ac 
cumulate  at  the  neurons  located  in  the  hippocampus  post  injury 
(Fig.  9A  and  C).  Similarly,  there  was  no  difference  in  C3  deposition 
and  C5b  9  formation  between  the  two  blast  exposed  groups. 

4.  Discussion 

An  air  driven  shock  tube  was  used  in  this  study  to  simulate  blast 
effects  in  rats.  Animals  exposed  to  the  short  duration  blast  wave 
with  a  mean  peak  overpressure  of  120  kPa  presented  with  moderate 
pulmonary  damage,  acute  inflammation  [20],  breach  of  BBB  integrity, 
increased  oxidative  stress,  and  activated  microglia  [9|.  This  model 
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Fig.  7.  Expression  of  Aquaporin  4  (Aqp4)  in  the  cortex  from  blast-exposed  rats.  Expression  of  Aqp4  in  the  cortex  (top)  was  assessed  by  immunohistochemistry  using  anti-rat  Aqp4 
antibody.  The  total  fluorescence  quantification  of  the  aforementioned  Aqp4  expression  is  displayed  at  the  left  panel  of  the  microphotographs.  Original  magnification  was  x400. 
Scale  bars  in  the  pictures  were  100  um.  Croup  data  was  expressed  as  mean±  SEM  and  compared  using  one-way  ANOVA  followed  by  Bonferroni's  multiple  comparison  test  with 
p  values  of  <0.05  considered  significant. 
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Fig.  8.  Neuronal  density  and  neurodegeneration  of  the  hippocampus  post  blast.  (A)  Representative  histological  microphotographs  ( H&E  staining)  of  the  hippocampus.  Original  mag¬ 
nification  was  x  400.  Neuronal  density  (B)  and  neurodegeneration  (C)  of  the  hippocampus  were  assessed  using  the  scales  stated  in  Section  2,  Materials  and  methods,  for  each  an¬ 
imal.  Croup  data  was  expressed  as  mean±SEM  and  compared  using  one-way  ANOVA  followed  by  Tukey's  multiple  comparison  test  with  p  values  of  <0.05  considered  significant 
•p<0.05,  •#p<0j01,  and  ***p< 0.001. 


resulted  in  survivable  conditions  with  90%  survival  rate  of  rats  under 
which  TBI  can  be  studied.  In  the  present  study,  we  characterized  the 
early  complement  system  and  pro  inflammatory  response  of  rats 
subjected  to  moderate  BINT.  Additional  studies  are  needed  to  verify 
if  these  results  are  relevant  in  the  pathology  of  mild  BINT. 

Our  results  demonstrated  that  moderate  blast  (1 20  kPa)  triggered 
systemic  and  local  complement  activation  as  early  as  3  h  persisting 
for  at  least  48  h  following  BOP.  Complement  activation  directly  corre 
lated  with  blast  induced  moderate  neuronal  damage  as  well  as  to  leu 
kocyte  infiltration  and  TNFot  production  of  injured  rat  brain  tissues. 

Although  activation  of  the  complement  system  has  been  documen 
ted  after  closed  head  TBI  [  1 1,22  26),  the  kinetics  of  complement  activa 
tion  following  BINT  and  the  contributing  source  of  complement 
proteins  and  activation  at  the  local  environment  of  trauma  has  not 
been  clearly  defined.  The  present  study  revealed  an  increase  of  plasma 


C5b  9  as  early  as  3  h  and  persisting  for  up  to  48  h  post  blast.  Further 
more,  the  study  demonstrated  that  the  higher  accumulation  of  C3  and 
C5b  9  located  in  the  outer  layer  of  cortex  was  associated  with  the 
vasculature  In  the  hippocampus,  accumulation  of  C3  and  C5b  9  was  as 
sociated  with  neuronal  cells  at  3  and  48  h  post  BOP.  The  different  distri 
bution  patterns  of  C3  and  C5b  9  between  cortex  and  hippocampus 
implicate  different  contributing  sources  of  complement  proteins  and 
activation  at  the  local  environment  of  BINT.  In  this  blast  model,  BBB 
breakdown  occurs  early  and  is  limited  to  the  outer  layer  of  the  cortex 
[9],  suggesting  that  systemic  complement  activation  may  be  the  source 
of  complement  proteins  accumulated  in  the  cortex  by  crossing  a  dys 
functional  BBB.  On  the  other  hand,  recent  findings  revealed  that  brain 
cells  have  the  ability  to  produce  complement  proteins  (15,27,28). 
Thus,  the  complement  protein  accumulation  observed  in  the  hippocam 
pus  could  have  been  produced  locally  after  injury. 
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Fig.  9.  Complement  deposition  and  activation  of  rat  hippocampus  after  blast.  Representative  immunohistochemical  images  of  C3  deposition  (A)  and  C5b-9  formation  (C)  in  the 
brain  cortex  tissues.  The  total  fluorescence  quantification  of  C3  deposition  (B)  and  C5b-9  formation  (D)  was  measured  as  described  in  Section  2,  Materials  and  methods.  Original 
magnification  was  x  200.  Scale  bars  in  the  pictures  are  50  pm.  Group  data  was  expressed  as  mean±SEM  and  compared  using  one-way  ANOVA  followed  by  Bonferroni's  multiple 
comparison  test  with  p  values  of  <0.05  considered  significant  *p<0.05  and  "p<0.01 . 


The  increased  leukocyte  accumulation  in  an  injured  brain  ob 
served  in  blast  exposed  animals  correlated  with  complement  activa 
tion  and  accumulation  in  cerebral  tissues.  This  observation  is 
consistent  with  previous  finding  from  closed  head  models  of  TB1  in 
which  complement  activation  is  associated  with  leukocyte  infiltration 
[29],  Our  findings  that  increased  accumulation  of  TNFa  and  leuko 
cytes  in  injured  rat  brain  tissues  is  associated  with  brain  tissue  dam 
age  agree  with  previously  reported  findings  showing  that  an  increase 
in  plasma  TNFa  from  blast  injured  trauma  patients  directly  relates 
with  the  severity  of  injury  [30|. 

Brain  edema  is  a  frequent  and  potentially  lethal  consequence  of 
casualties  suffering  from  BINT.  Our  data  as  well  as  that  of  others 
revealed  that  early  cerebral  edema  is  the  signature  event  of  BINT, 
and  it  is  characterized  by  cytotoxic  edema  in  the  early  phase 
(2  24  h)  ofTBI  [31,32],  Aqp4,  a  water  channel  protein  expressed  pre 
dominantly  in  astrocyte  foot  processes  (blood  brain  border),  in  the 
glia  limitants  (subarachnoid  cerebrospinal  fluid  brain  border),  and 
ependyma  (ventricular  cerebrospinal  fluid  brain  border),  has  been 


shown  to  facilitate  cerebral  cytotoxic  edema  formation  [33,34],  This 
study  reports  that  blast  exposed  rats  show  an  overexpression  of 
Aqp4  in  brain  that  correlates  with  the  early  cytotoxic  edema,  which 
was  observed  by  others  as  well  [33,34],  In  addition,  since  complement 
system  activation  has  been  reported  to  enhance  Aqp4  expression 
[35  ],  the  observed  increase  in  complement  activation  in  BINT  animals 
may  play  an  important  role  in  brain  cytotoxic  edema  induced  by 
Aqp4. 

In  summary,  ourdatademonstrates  that  early  immune  inflammatory 
response  to  moderate  BINT  involves  complement  system  activation  and 
accumulation  of  the  pro  inflammatory  cytokine  TNFa,  both  of  which  di 
rectly  correlated  with  hippocampus  and  cerebral  cortex  tissue  damage. 
Furthermore,  these  findings  raise  the  possibility  of  a  utilization  of  a 
new  pharmacotherapeutic  approach  with  early  local  or  systemic  admin 
istration  of  complement  inhibitors  and/or  TNFa  blockers  as  potential 
treatment  of  military  and  civilian  casualties  exposed  to  moderate  blast, 
finally,  the  present  study  exposes  a  potential  role  of  early  complement 
activation  detection  as  a  predictive  biomarker  for  brain  injury  or  as  a 
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decision  supporting  tool  to  first  responder  assessment  of  blast  exposed 
casualties. 
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